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Lactic acid bacteria play a pivotal role in many food fermentations and sometimes represent a health threat due to the ability of
some strains to produce biogenic amines that accumulate in foods and cause trouble following ingestion. These strains carry
specific enzymatic systems catalyzing the uptake of amino acid precursors (e.g., ornithine and lysine), the decarboxylation inside
the cell, and the release of the resulting biogenic amines (e.g., putrescine and cadaverine). This study aimed to identify the system
involved in production of cadaverine from lysine, which has not been described to date for lactic acid bacteria. Strain Lactobacil-

lus saerimneri 30a (formerly called Lactobacillus sp. 30a) produces both putrescine and cadaverine. The sequencing of its ge-
nome showed that the previously described ornithine decarboxylase gene was not associated with the gene encoding an orni-
thine/putrescine exchanger as in other bacteria. A new hypothetical decarboxylation system was detected in the proximity of the
ornithine decarboxylase gene. It consisted of two genes encoding a putative decarboxylase sharing sequence similarities with
ornithine decarboxylases and a putative amino acid transporter resembling the ornithine/putrescine exchangers. The two decar-
boxylases were produced in Escherichia coli, purified, and characterized in vitro, whereas the transporter was heterologously
expressed in Lactococcus lactis and functionally characterized in vivo. The overall data led to the conclusion that the two decar-
boxylases and the transporter form a three-component decarboxylation system, with the new decarboxylase being a specific
lysine decarboxylase and the transporter catalyzing both lysine/cadaverine and ornithine/putrescine exchange. To our knowl-
edge, this is an unprecedented observation of a bacterial three-component decarboxylation system.

Lactic acid bacteria (LAB) are considered to be the most impor-
tant human-related bacterial group, due to their ability to col-
onize mucosal tissues and their involvement in a wide variety of
fermented foods. Amino acid decarboxylation systems represent
one of the keys to LAB adaptability. Decarboxylation systems con-
sist of a decarboxylase and a precursor/product transmembrane
exchanger (1, 2). Their combined action results in amino acid
intake, decarboxylation, and release of the corresponding bio-
genic amine. The pathway results in alkalinization of the cytosol
and generation of a proton motive force, which can be exploited
for acid stress resistance and/or the production of metabolic en-
ergy in the form of ATP. Decarboxylase and transporter genes are
generally organized in clusters located on the bacterial chromo-
some or on plasmids. A decarboxylase with a given amino acid
specificity is adjacent to an exchanger with an equally strict amino
acid/biogenic amine specificity, as was observed for histidine/his-
tamine (3), tyrosine/tyramine (4), aspartate/alanine (5), orni-
thine/putrescine (6), and glutamate/y-aminobutyrate (7) decar-
boxylation systems.

Among biogenic amines, histamine, tyramine, putrescine,
cadaverine, and B-phenyl-ethylamine are most widely encoun-
tered in foods and beverages (8). These compounds are detrimen-
tal to food, as their ingestion results in health problems (9). In
food, cadaverine occurs in amounts ranging from a few hundred
micrograms to more than one gram per kilogram (or liter). This
compound was detected in wine (10, 11), cheese (12), cider (13),
sausage (14), and fishery products (15). In spite of the wide occur-
rence in different food matrices, the detection of cadaverine-pro-
ducing strains is limited almost exclusively to ham and sausage.
These producers are usually Enterobacteriaceae, Bacillus, Staphy-
lococcus, and Lactobacillus spp. (14, 16). Some cadaverine-produc-
ing Oenococcus oeni strains were detected in wine as well (17), but
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further observations suggest that this trait is relatively infrequent
among wine bacteria (18).

To date, the biosynthesis of cadaverine by LAB is poorly un-
derstood. Even though cadaverine (1,5-diamino-pentane) and
putrescine (1,4-diamino-butane) are structurally related, as are
their respective precursors lysine and ornithine, the well-charac-
terized ornithine decarboxylase (ODC) of Lactobacillus saerimneri
30a (formerly known as Lactobacillus sp. 30a) is specific for orni-
thine and does not produce cadaverine from lysine (19). Recently,
the characterization of the ODC system of Oenococcus oeni con-
firmed that both the decarboxylase and ornithine/putrescine ex-
changer show measurable affinity for lysine but that the main
activity was clearly with ornithine (6). In Gram-negative Entero-
bacteriaceae, separate lysine and ornithine decarboxylation sys-
tems are common, and both are known to contribute to extreme
acid resistance (20, 21, 22, 23). This suggests that also in cadaver-
ine-producing Gram-positive LAB it is likely that a specific lysine
decarboxylase (LDC) exists, although no LDC system, or the genes
encoding it, was ever reported among LAB.

Strain L. saerimneri 30a was isolated from horse stomach. A
complex amino acid decarboxylation metabolism appeared to be
one of its most distinctive traits (24). In fact, L. saerimneri 30a is
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known to be capable of decarboxylating histidine, ornithine, and
lysine into the corresponding amines (25). The histidine and
ornithine decarboxylases of this strain were already characterized
(26, 27). While the genetic environment of the latter is unknown,
the presence of an ornithine/putrescine exchanger gene in down-
stream position is to be expected by analogy to other known ODC
systems (6). To date, no information is available about the genes
and proteins responsible for lysine decarboxylation by L. saerim-
neri 30a. The ability of L. saerimneri 30a to synthesize up to several
grams of cadaverine per liter (24, 25) makes this strain a good
model candidate for the characterization of LDC systems of LAB.

This work was initiated with the aim to identify the LDC sys-
tem of L. saerimneri 30a. In a preliminary phase, attempts were
made by means of conventional molecular biology techniques to
detect the genes of the LDC system, which, unfortunately, did not
give conclusive results (results not shown). A primer pair pro-
posed for LDC gene amplification in Gram-positive bacteria (28)
did not yield a PCR product (18). A significant leap forward was
made by the analysis of the whole genome sequence of the strain,
which is presented elsewhere (29). First, it was determined that no
transporter gene was present downstream of odc. Second, a puta-
tive decarboxylation system consisting of a decarboxylase and
an amino acid transporter was identified approximately 20 kb
apart from odc. The three proteins, i.e., the ODC, the putative
decarboxylase, and the amino acid transporter, were functionally
characterized. The results revealed a unique three-component de-
carboxylation system made of two decarboxylases and a single
dual-specificity transporter for ornithine and lysine decarboxyl-
ation.

MATERIALS AND METHODS

Bacterial strains and cultures. Lactobacillus saerimneri strain 30a (ATCC
33222) was obtained from the ATCC collection (LGC Standards, Mol-
sheim, France). The microorganism was cultured at 37°C in half-strength
Man, Rogosa, and Sharpe medium (Becton Dickinson, Sparks, MD) set at
pH 5.0.

Decarboxylation assays on whole cells. Lactobacillus saerimneri strain
30a was cultured until mid-exponential phase (1.5 to 2.0 optical density
[OD] units ml~ ), and cells were harvested, washed twice with potassium
phosphate buffer (0.1 M, pH 5.0), and finally resuspended at 1.0 OD unit
ml ™" in the same buffer containing either ornithine or lysine at the con-
centration of 10 mM. Cell suspensions were incubated at 37°C, with in-
cubation times ranging from 0.5 to 22 h. Upon harvesting, cell suspen-
sions were centrifuged (10 min at 10,000 X g), and supernatants were
directly analyzed for biogenic amines by means of thin-layer chromatog-
raphy/densitometry, as described previously (6).

Expression and purification of recombinant decarboxylases. Decar-
boxylases were obtained as recombinant His-tagged proteins in Esche-
richia coli. PCR products comprising the ODC and LDC open reading
frames were introduced in pET100/D-TOPO vectors (Invitrogen, Carls-
bad, CA) by ligase-independent directional cloning. Chemically compe-
tent E. coli (BL21 Star One Shot; Invitrogen) was employed as an expres-
sion host. Cloning, transformation, and expression were performed
following the protocols provided by the manufacturer. It was verified by
sequencing that all products were correctly inserted within the expression
construct and that no mutations had intervened throughout the cloning
procedure. Proteins were purified by affinity chromatography using a
BioLogic DuoFlow chromatographic system (Bio-Rad, Marnes-la-Co-
quette, France) equipped with a HiTrap chelating HP column (Amer-
sham Biosciences, Uppsala, Sweden) pretreated with in 0.1 M NiCl,. Elu-
tion was performed by means of a pH 7.5 potassium phosphate buffer
supplemented with increasing amounts of imidazole. The recombinant
enzymes were identified in the fractions by SDS-PAGE.
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Decarboxylation assays on purified enzymes. Reactions were per-
formed in 200-pl volumes in 0.05 M citrate buffer (pH 5.5) containing
4 g of enzyme and 0.4 mM pyridoxal phosphate (PLP) at 37°C. En-
zymes were incubated with lysine, ornithine, 2,4 diaminobutyric acid,
or arginine at concentrations in the range of 0.5 to 100 mM. Initial
reaction rates were determined by sampling at regular intervals (typi-
cally 0, 10, 30, and 60 min) over the first hour of incubation, during
which reaction rates were constant. pH and temperature activity pro-
files were established by calculating initial reaction rates at 10 mM
substrate concentrations. Depending upon the pH, citrate (pH 3.0 to
6.0), phosphate (pH 6.0 to 8.0), and borax (pH 8.0 to 10.0) buffers
were used at 0.05 M concentrations. Changes in buffer composition
had no influence on the enzymatic activity. The reactions were stopped
by addition of 10 pl trichloroacetic acid (20%, vol/vol), and samples
were stored at —20°C until analysis. Product concentrations were de-
termined by thin-layer chromatography/densitometry, as previously
described (6). Kinetic parameters were estimated using GraphPad
Prism 5.04 (GraphPad Software, La Jolla, CA). For modeling the pH
dependence of the enzymatic activity, a classical diprotic model was
employed (30), and pH activity profiles were established with the aid of
GraFit 7.0 (Erithacus Software, Horley, United Kingdom).

Cloning and expression of the transporter gene. The gene encoding
the putative amino acid transporter was amplified using primers L30Aaat-fw
(GCGAAACCATGGCTGAATCTTCAAGCC) and L30Aaat-rv (GCGAA
ATCTAGATATGAAAATAGTAGTAGTGACGG), containing Ncol and
Xbal restriction sites for cloning in the NICE system expression vector
pNZ8048 (31). The resulting plasmid, pNZ-L30Aaat, was transformed to
Lactococcus lactis NZ9000. To express the gene from the nisin-inducible
promoter P, ,, cells were grown in rich M17 medium containing 10 mM
glucose to mid-exponential phase (OD at 600 nm [ODy,] of ~0.6) and
induced with 5 ng/ml nisin. After 1 h of further incubation, cells were
harvested and washed for transport assays.

Transport assays in whole cells. L. lactis NZ9000 cells containing
pNZ-L30Aaat or the empty vector pNZ8048 were washed and resus-
pended in ice-cold 50 mM KP; (pH 6.0) to an ODg, of 2.0. Glucose was
added to a concentration of 10 mM. After 5 min of incubation at 30°C
with stirring, 12.5 pM 1-[U-"*CJornithine was added to 100 l of cell
suspension. For chase experiments, ] mM unlabeled putrescine, cadaver-
ine, or lysine was added after 1 min. Uptake was stopped by addition of 2
ml ofice-cold 0.1 M LiCl, followed by filtration through a 0.45-mm-pore-
size nitrocellulose filter (BA85; Schleicher & Schuell GmbH). The filter
was washed once with 2 ml of ice-cold 0.1 M LiCl and submerged in
Emulsifier Scintillator Plus scintillation fluid (Packard Bioscience). Re-
tained radioactivity was counted in a Tri-Carb 2000CA liquid scintillation
analyzer (Packard Instrumentation).

RESULTS

Ornithine and lysine decarboxylase activities of resting cells of
Lactobacillus saerimneri 30a. In a previous screening, a total of
275 cider and wine LAB strains were tested for different amino
acid decarboxylase activities (18). Only strain Lactobacillus saer-
imneri 30a scored positive for lysine decarboxylase activity. This
strain showed also histidine and ornithine decarboxylase activi-
ties. Cells of L. saerimneri 30a were harvested at mid-exponential
phase and resuspended (pH 5.0, 37°C) in the presence of either
ornithine or lysine ata concentration of 10 mM. The initial rates of
conversion of ornithine and lysine were 0.33 and 0.05 mmol g~ '
h™!, respectively. After 22 h of incubation, 1.57 mmol putrescine
per gram of wet cells and 0.59 mmol cadaverine g~ ' were obtained
(Fig. 1). L. saerimneri 30a was therefore able to decarboxylate both
ornithine and lysine, with a somewhat higher catalytic efficiency
for the former. Similar experiments reported for other ODC-pos-
itive LAB strains showed at least 20 times more putrescine than
cadaverine under the same conditions (6).
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FIG 1 Extracellular release of putrescine (@) and cadaverine (O) by L. saer-
imneri 30a. Values are expressed as mmol per gram of wet cells. Experimental
points represent mean results of triple replicates. Error bars represent standard
errors.

A putative decarboxylase system is encountered in the prox-
imity of odc. The draft genome sequence of L. saerimneri 30a (29)
revealed the well-characterized odc in close vicinity to a new pu-
tative amino acid decarboxylase gene at a distance of 24 kb (Fig. 2).
Surprisingly, no transporter gene encoding an ornithine/pu-
trescine exchanger was found adjacent to odc, while an amino acid
transporter homologue gene was found downstream of the puta-
tive decarboxylase gene, suggesting that they form a new amino
acid decarboxylation system. The two genes of this putative sys-
tem are oriented in the same direction and possibly cotranscribed
(Fig. 2). In contrast, the distant gene encoding the ODC is tran-
scribed separately. The genomic region between the odc and the
newly identified decarboxylase genes comprised 23 predicted
open reading frame (ORFs) coding for proteins involved in di-
verse cellular processes, i.e., chromosome partitioning proteins,
acetyl coenzyme A (acetyl-CoA) carboxylase subunits, ABC trans-
porters, etc., but none showed any apparent relation to a decar-
boxylase function. The region did not contain any gene of trans-
posase, phage, or plasmid origin, and its GC percentage was not
significantly different from the average GC content of the L. saer-
imneri 30a genome (Fig. 2).

The amino acid sequence encoded by the new putative decar-
boxylase gene displayed relatively high (52 to 60%) identity to
known ODCs from Firmicutes and Enterobacteriaceae (Fig. 3),
while it exhibited lower (38 to 45%) identity to a group of recently
described basic amino acid decarboxylases from Lactobacillus spp.
(6). Sequence identity with LDC sequences from Gram-negative

ODC/KDC System in L. saerimneri 30a

A L. saerimneri 30a AADC (Locus tag D271_05310)
s50hog— L. saerimneri 30a ODC  (P43099) 58%
O. oeni ODC (CAG34069) 58%
10 L. brevis ODC (JN120479) 60%
S. epidermidis ODC (ADJ57328) 53%
E. coli ODC (YP001729680) 52%
L. gasseri AADC (YP819574) 45%
91- L. casei AADC (YP806869) 38%
E. coli LDC (ZP07098268) 28%

B L. saerimneri 30a AAT  (Locus tag D271_05300)
97100~ O. oeni PotE (CAG34069) 56%
66 L. brevis PotE (JN120479) 56%
S. epidermidis PotE (ADJ57329) 56%
5 E. coli PotE (YP001729679) 59%
E. coli CadB (ZP07098269) 28%
L. gasseri AAT (YP819573) 15%

FIG 3 Comparison between some representative decarboxylases (A) and
transporters (B) described in LAB and other phylogenetically related microor-
ganisms and the proteins characterized in this work. Inducible ODC, LDC, and
related transporters from E. coli are also reported. Phylogenetic relationships
between the protein sequences are depicted by means of a neighbor-joining
tree based upon the alignment of the corresponding amino acid sequences.
Percentages from 1,000 bootstrap replicates are indicated. Sequences were
aligned with the aid of MEGA4 software (42) by employing ClustalW as the
algorithm. Sequence accession numbers and percent identities with the puta-
tive decarboxylase and transporter from L. saerimneri 30a are reported. Abbre-
viations: LDC, lysine decarboxylase; ODC, ornithine decarboxylase; AADC,
amino acid decarboxylase; PotE, ornithine/putrescine antiporter; CadB,
lysine/cadaverine antiporter; AAT, amino acid transporter.

bacteria was quite poor (e.g., 28% with LDC from E. coli). Simi-
larly, the amino acid sequence encoded by the putative transporter
gene had highest identity with the putrescine/ornithine exchang-
ers PotE from Firmicutes and Enterobacteriaceae (56 to 59% iden-
tity) and significantly lower identity with the lysine/cadaverine
exchanger CadB found in Gram-negative bacteria. All these trans-
porters contain 13 putative transmembrane segments. No signif-
icant sequence identity was observed with the ornithine sym-
porter that is associated with the recently described basic amino
acid decarboxylases from Lactobacillus spp. mentioned above.
The putative decarboxylase gene encodes a decarboxylase
strictly specific for lysine. The odc and putative decarboxylase
gene were cloned in Escherichia coli in frame with an upstream
sequence encoding a His tag that enabled purification of the gene
products by Ni-nitrilotriacetic acid (NTA) affinity chromatogra-
phy. For each protein, a pure product was obtained with the ex-
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FIG 2 Schematic representation of the amino acid decarboxylation locus of Lactobacillus saerimneri 30a (DDBJ/EMBL/GenBank accession no.
ANAG00000000). Percent GC content is graphically represented for each ORF. Genes are represented by boxes oriented according to the direction of transcrip-
tion. The genes that encode proteins studied in this work are shaded. Abbreviations for gene functions: ODC, ornithine decarboxylase; AADC, amino acid
decarboxylase; AAT, amino acid transporter; U, unknown/poorly characterized; M, metabolism; C, cellular processes; In, information storage and processing.
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TABLE 1 Steady-state kinetic parameters and substrate specificities of
the two decarboxylases from L. saerimneri 30a

Value for:
Substrate Parameter (unit) KDC ODC
Ornithine k. (min~") NA 586 = 29
K,, (mM) NA 1.6 + 0.2
koK, M 'min™')  NA 3.6 X 10°
Lysine k.o (min™") 101 =17 15*3
K, (mM) 127 +42 103 %37
ko/K,, M~ ' min~") 8 X 10° 1.5 X 10°
2,4-Diaminobutyric k., (min~") NA ND
acid K,, (mM) NA ND
koK, (M 'min"')  NA ND
Arginine k.o (min™") NA NA
K, (mM) NA NA

“ Values are means and standard errors of triplicates. KDC, lysine decarboxylase; ODC,
ornithine decarboxylase; NA, not applicable (no product formation was observed); ND,
not determined (due to low activity, it was not possible to estimate kinetic parameters).

pected molecular mass, i.e., 85 and 84 kDa for the putative decar-
boxylase and ODC, respectively. Decarboxylation activity of the
recombinant proteins with the four basic amino acids ornithine,
arginine, lysine, and L-2,4-diaminobutyric acid (DABA) as sub-
strates was measured by determining the respective decarboxyl-
ation products (i.e., putrescine, agmatine, cadaverine, and di-
aminopropane) using a method based upon dansylation and
thin-layer chromatography (6). The reactions were performed at
37°C and pH 5.5. Kinetic parameters were inferred by estimating
initial rates at substrate concentrations ranging from 0.5 to 100
mM (Table 1). Expectedly, the recombinant ODC showed a clear
preference for ornithine as the substrate. The measured affinity for
ornithine was 1.6 mM, in agreement with the value of 1.7 mM
determined by Guirard and Snell (19) for the native enzyme pu-
rified from L. saerimneri 30a, which was measured under similar
conditions. The affinity of ODC for lysine was approximately six
times lower than that for ornithine, while the maximal rate was
almost 40 times lower, resulting in catalytic efficiencies (expressed
as k., /K,,) that were 250-fold higher with ornithine than observed
with lysine. A very low rate of conversion of DABA into diamino-
propane by ODC was observed (less than 0.1% conversion after 1
h). No kinetic parameters could be estimated for DABA. With
arginine as the substrate, no detectable activity was observed.

The putative decarboxylase exhibited measurable activity on
lysine alone, with an affinity and a catalytic efficiency of 12.7 mM
and 8 X 10° M™! min~", respectively. Decarboxylation was not
observed on ornithine, DABA, and arginine, regardless of sub-
strate concentration and even with reaction times as long as 24 h.
These results demonstrate that the newly identified decarboxylase
from L. saerimneri 30a is a bona fide lysine decarboxylase. How-
ever, the catalytic efficiency is up to two orders of magnitude lower
than that observed for the LDC from E. coli (32) or the ODC from
L. saerimneri 30a on the corresponding preferential substrates.
Given the dissimilarities between this newly identified enzyme
and previously described bacterial LDCs, in terms of both amino
acid sequence and catalytic properties, the designation KDC for
this new lysine decarboxylase is proposed here.

The activities of the L. saerimneri 30a ODC and KDC on the
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preferred substrates (i.e., ornithine for ODC and lysine for KDC)
were measured in the pH range between 3 and 10 at a temperature
of 37°C and in the temperature range between 15 and 50°C ata pH
of 5.5 (Fig. 4). In agreement with the results for the enzyme iso-
lated from L saerimneri 30a (19), the recombinant ODC from L.
saerimneri 30a displayed an optimum at pH 5.9. The pH optimum
of the KDC was slightly lower, at a value of 5.2. Furthermore, while
the ODC showed at least 40% of the maximal activity at pH values
ranging from 4 to 9, the KDC displayed a much narrower profile
(Fig. 4A). The temperature profile (Fig. 4B) was again very broad
for ODC, whose initial reaction rate remained essentially un-
changed between 37 and 50°C. The profile of the KDC exhibited a
peak at 37°C, with a steep decrease in the higher range of temper-
atures.

The amino acid transporter displays dual preference for or-
nithine/putrescine and lysine/cadaverine. The putative amino
acid transporter gene downstream of the lysine decarboxylase
gene was cloned and expressed in L. lactis using the NICE expres-
sion system (31). Uptake of '*C-labeled ornithine was tested in
resting cells expressing the transporter gene or harboring the
empty vector pNZ8048 (Fig. 5). At a concentration of 12.5 pM,
the initial rate of uptake of ornithine in control cells, mediated by
one or more endogenous transport systems in L. lactis, was ap-
proximately 2.4 nmol min~' mg ™" protein. Cells expressing the
transporter showed a strongly increased initial ornithine transport
rate of at least 16 nmol min™' mg ™' protein. When an excess of
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FIG 4 pH (A) and temperature (B) activity profiles of KDC (O) and ODC
(@). Each enzyme was tested against a 10 mM concentration of the preferential
substrate. Relative activity is expressed in each panel with respect to the highest
average activity measured for the given enzyme and conventionally fixed at
100%. Background activity measured in enzyme-free buffers was always below
2% and was subtracted. Experimental points represent mean results of triple
replicates. Error bars represent standard errors.
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FIG 5 Uptake of ['*C]ornithine, present at a concentration of 12.5 wM, in
resting cells of L. lactis NZ9000 expressing the potE homologue of L. saer-
imneri 30a from pNZ-L30Aaat (@) or harboring the empty vector
pNZ8048 (A). After 1 min, accumulated ornithine was chased by addition
of 1 mM unlabeled putrescine (A) (pNZ-L30Aaat, ¥; pNZ8048, W), cadav-
erine (A) (pNZ-L30Aaat, O; pNZ8048, [1), and lysine (B) (pNZ-L30Aaat,
O; pNZ8048, V).

unlabeled putrescine was added to cells that were allowed to ac-
cumulate ['*Clornithine for 1 min, cells expressing the trans-
porter rapidly released the ornithine, whereas control cells did not
release any ornithine at all (Fig. 5A, closed triangles and squares,
respectively). This demonstrates that the transporter is able to
exchange ornithine with putrescine, similar to what was observed
for PotE homologues which are part of ornithine decarboxylation
systems such as in Staphylococcus epidermidis (33) and O. oeni (6).
When instead of putrescine an excess of cadaverine or lysine was
added, a similar rapid release of ornithine was observed in cells
expressing the transporter (Fig. 5A and B, respectively). Control
cells showed no release of ornithine upon cadaverine addition and
only a relatively slow release when lysine was added. The results
demonstrate that the transporter efficiently catalyzes an exchange
mode of transport and that it has affinity for ornithine and pu-
trescine as well as lysine and cadaverine. Efficient exchange of
ornithine and cadaverine and of ornithine and lysine warrants
efficient exchange of cadaverine and lysine, and therefore, the
transporter can take part in an ornithine as well as a lysine decar-
boxylation pathway.

DISCUSSION

Degradative basic amino acid decarboxylation systems are quite
common among Gram-negative Enterobacteriaceae, where they
play a role in acid stress resistance (34, 35, 36). Different systems
consisting of a decarboxylase and a precursor/product exchanger
have been found for lysine/cadaverine (LDC) (cadAB), arginine/
agmatine (adiAC), and ornithine/putrescine (ODC) (speF/potE).
Among LAB and phylogenetically related bacteria, arginine is de-
graded via the arginine deiminase (ADI) pathway (37) and cadAB
have not been identified, whereas ODC pathways have been re-
ported in O. oeni (6, 38), Lactobacillus brevis (6), Staphylococcus
epidermidis (33), and Staphylococcus lugdunensis (39). The patch-
work distribution of ODC among strains and species, along with
the high level of sequence identity with homologues from Gram-
negative bacteria and the occurrence of elements that are distinc-
tive of genetic mobility, strongly suggests that these systems orig-
inate from horizontal gene transfer from Enterobacteriaceae.

The biochemical or genetic basis of cadaverine production
from lysine observed for some LAB, among which is L. saerimneri
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30a, was never demonstrated. Here, we describe a decarboxylase
encoded in the genome of L. saerimneri 30a with a strict substrate
preference for lysine. The designation KDC is proposed for this
enzyme. To the best of our knowledge, this is the first report of a
specific lysine decarboxylase from lactic acid bacteria. The encod-
ing gene is adjacent to a transporter gene that encodes a lysine/
cadaverine exchanger. When the amino acid sequences of the de-
carboxylase and transporter were compared to sequence data in
public databases, a clear similarity to ODCs and ornithine/pu-
trescine exchangers emerged, whereas sequence identity to LDCs
and lysine/cadaverine exchangers of Gram-negative bacteria was
definitely lower (Fig. 3A and B). This suggests that the KDC sys-
tem of L. saerimneri 30a, unlike the ODC systems from LAB, is not
the mere result of horizontal transfer from Gram-negative bacte-
ria. Instead, the system has likely evolved from an amino acid
decarboxylation system of different specificity (i.e., an ODC sys-
tem). The gene symbol kdc is proposed for the sequence of this
decarboxylase to emphasize the different phylogenetic origin (29).
This sequence provides means for the improvement of molecular
tools (i.e., PCR and quantitative PCR [qPCR] primers) aimed at
the detection of food-borne cadaverine producers.

The newly characterized KDC and the adjacent transporter are
part of a larger degradative decarboxylation system for both lysine
and ornithine. The system consists of a decarboxylase specific for
lysine, another decarboxylase specific for ornithine, and an ex-
changer that has affinity for both the lysine/cadaverine and orni-
thine/putrescine pairs. The system is unique in that two different
decarboxylases make use of one and the same transporter for the
uptake and excretion of substrate and products, respectively. On
the genome of L. saerimneri 30a, the ornithine decarboxylase is
found approximately 20 kb away from kdc. The ODC sequence is
highly identical to those of ODCs found in other LAB (Fig. 3A),
but in contrast to these, no neighboring transporter gene is pres-
ent. Different mechanisms can be proposed for the evolutionary
origin of this unique decarboxylation system. The relative prox-
imity between the genes encoding the ODC, the KDC, and the
dual-specificity transporter suggests that the key event could have
been the duplication of the decarboxylase gene within a formerly
strictly substrate-specific ODC system. On the other hand the
22-kb region between the genes for the ODC and the exchanger
does not show apparent signs of gene mobility and/or plasticity in
either the gene annotation or the general pattern of the GC con-
tent (Fig. 2). Alternatively, the three-component system could be
the remainder of two distinct ODC systems that underwent a pro-
cess of gene elimination and further evolution that eventually led
to the development of novel substrate specificities.

The study of the kinetic properties of the KDC from L. sa-
erimneri 30a showed that this enzyme displays a narrow pH
profile and rather low affinity and maximal turnover rate. Pos-
sibly, this relates to the threat of lysine depletion that the activ-
ity of a lysine decarboxylase system poses to cellular metabo-
lism. In E. coli, lysine decarboxylase is controlled by multiple
mechanisms of regulation that prevent lysine depletion under
conditions of poor nutrient availability (32) or at neutral or
mildly acidic pH (40, 41). The distinctive kinetic properties of
the decarboxylase from L. saerimneri 30a probably represent an
effective, however rudimentary, mechanism that prevents
lysine depletion. It cannot be excluded that more refined reg-
ulation mechanisms (i.e., acting at a transcriptional or confor-
mational level) also exist in L. saerimneri 30a.
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